Obesity is associated with a decrease in energy expenditure relative to energy intake. The decrease in physical activity associated with obesity in several species, including humans, contributes to decreased energy expenditure. Several hormones and neuropeptides that affect appetite also modulate physical activity, including neuromedin U (NMU), a peptide found in the gut and brain. We have demonstrated that NMU microinjected into the hypothalamic paraventricular nucleus (PVN) in rats increases the energy expenditure associated with physical activity, called non-exercise activity thermogenesis (NEAT). Here we examined whether obesity in rats is related to decreased sensitivity of the PVN to the locomotor-activating effect of NMU. Diet-induced obese (DIO) rats and lean, diet-resistant (DR) rats were given PVN microinjections of increasing doses of NMU both before and after 1 month on a high-fat diet. We found that NMU increases physical activity, energy expenditure, and NEAT in a dose-dependent manner in both DR and DIO rats, both before and after 1 month on the high-fat diet. Before high-fat feeding, the obesity-prone and lean rats showed similar levels of physical activity after intra-PVN microinjections of NMU. After 1 month of the high-fat diet, however, the obesity-resistant rats showed significantly more NMU-induced physical activity compared to the obese DIO rats. Taken together with previous studies, these results suggest that obesity may represent a state associated with decreased central sensitivity to neuropeptides such as NMU that increase physical activity and therefore energy expenditure.
Introduction
Low levels of physical activity are consistently considered a risk factor for obesity and related diseases as well as decreased quality of life (Weinsier et al., 1998 (Weinsier et al., , 1995 . The energy expended in physical activity is the most variable and labile component of total energy expenditure, underscoring its potential to effect change in body weight (Dauncey, 1990; Donahoo et al., 2004; Levine et al., 2001) . Low levels of non-exercise activity thermogenesis, or NEAT, are associated with increased fat gain in humans (Levine et al., 1999) . Moreover, the ability to increase NEAT after overfeeding is correlated with an individual's ability to fend off weight gain (Levine et al., 1999) . Lastly, obese individuals spend less time standing and ambulating compared to lean people (Levine et al., 2005b) , which impacts energy expenditure and therefore promotes further weight gain.
Considering the increasing recognition of the importance of physical activity and specifically NEAT in maintaining a healthy weight in a sedentary society (Dauncey, 1990; Levine et al., 1999 Levine et al., , 2005b , relatively little is known regarding the neural and physiological mechanisms regulating physical activity, or how diet and obesity may affect these mechanisms. Many of the same hormones and neuropeptides that affect appetite have also been found to alter physical activity and NEAT which, in animals, is simply the energy expenditure of all activity (Castaneda et al., 2005; Tang-Christensen et al., 2004; Teske et al., 2006) . For example, stimulation of specific brain regions with orexin (hypocretin) increases NEAT in rats (Kiwaki et al., 2004; Kotz, 2006) . These brain areas and their associated neuropeptides are in an ideal position to sense changes in energy balance and alter physical activity accordingly. One of these neuropeptides, neuromedin U (NMU), is present in brain nuclei that modulate energy balance (Ivanov et al., 2002) . Another peptide, neuromedin S (NMS), shares structural commonalities with NMU and acts on the same receptors . These peptides are present in fibers and cell bodies in hypothalamic nuclei including the arcuate, paraventricular, and suprachiasmatic nuclei Howard et al., 2000; Ivanov et al., 2002; Kowalski et al., 2005; Raddatz et al., 2000; Steel et al., 1988) . NMU may alter energy expenditure in coordination with energy intake to promote negative energy balance. Data from human populations demonstrate that amino acid variants in the NMU peptide are associated with overweight and obesity (Hainerova et al., 2006) , highlighting the potential importance of NMU in human energy balance.
The primary CNS receptor for NMU, the NMU receptor-2 (NMU2R), is found in brain sites that are important in regulating appetite and metabolism including the PVN (Gartlon et al., 2004; Graham et al., 2003; Guan et al., 2001; Howard et al., 2000; Raddatz et al., 2000; Shan et al., 2000) . The PVN is involved in fat mobilization and sympathetic activation (Bamshad et al., 1999; Kotz et al., 1998a ) and, moreover, shows differential noradrenergic activation in lean and obesity-prone rats (Levin, 1996) . Furthermore, the PVN is a site of action of numerous peptides that increase physical activity and energy expenditure, including NMU (Kiwaki et al., 2004; Kotz et al., 2002; Sutton et al., 1982; Wren et al., 2002) . Several lines of evidence implicate changes in NMU with obesity. Expression of brain NMU changes with fasting and obesity (Graham et al., 2003; Howard et al., 2000; Ivanov et al., 2002) , and overexpression of NMU results in decreased body weight, fat content, and food intake, as well as decreased body weight gain on a high-fat diet (Kowalski et al., 2005) . Mice deficient in NMU are obese, hyperphagic, and have increased adiposity and also show decreased locomotor activity and energy expenditure . Site-specific or i.c.v. application of NMU to the brain decreases appetite and increases physical activity and energy expenditure (Gartlon et al., 2004; Hanada et al., 2003; Howard et al., 2000; Ivanov et al., 2002; Jethwa et al., 2005; Nakazato et al., 2000; Niimi et al., 2001; Wren et al., 2002) . Consequently, NMU is a plausible candidate for the promotion of negative energy balance through increasing the energy expenditure of activity.
Several obese rodent models have been used to investigate the physiological control of energy balance. Diet-induced obese (DIO) and diet-resistant (DR) rats were developed through selective breeding for weight gain on a high-fat diet (Levin et 2al., 1997 (Levin et 2al., , 1989 . The strains of rats differ in body weight on a standard diet; the DIO rats increase their body weight on a highenergy diet whereas DR rats on the same diet do not differ in body weight from chow-fed control DR rats (unpublished data) (Levin et al., 1997) . In fact, it may be the DR rats, rather than the DIO rats, which are unusual in that their spontaneous activity is high and their body weight low compared to both DIO and control Sprague-Dawley rats (Teske et al., 2006) . The causes of the disparity in body weight between DIO and DR rats are multifaceted and polygenic, and physiological changes can be seen in the DIO rats before they develop obesity, including decreases in insulin and leptin sensitivities (Levin et al., , 2005a Tkacs and Levin, 2004) . In this way, this model of obesity may better represent the development human obesity, which has a multitude of bases including hereditary and dietary causes.
In the following studies, we used DIO and DR rats to determine if differences in levels of physical activity seen in these rats might be attributable to decreased sensitivity to the physical activity-inducing peptide NMU. Others and we have demonstrated that the ability of orexin to increase physical activity and energy expenditure is enhanced in lean compared to obese rats Teske et al., 2006 ). First, we tested the hypothesis that the ability of NMU to increase physical activity and energy expenditure is decreased in obesityprone DIO rats compared to lean DR rats. Second, we compared the effects of NMU on physical activity and energy expenditure before and after high-fat feeding in DR and DIO rats. Lastly, we determined if the differences seen in NMU-induced physical activity in DR and DIO rats might be due to differences in the amount of NMU stored and released into the PVN.
Results

Body weight, food intake, and body composition
As illustrated in Table 1 and Fig. 1 , the body weight analysis showed a significant interaction as well as significant main effects of both group and diet. DIO and DR rats both gained weight on the high-fat diet, but the DIO rats gained significantly more. The percent increase in body weight over the same period of time did not significantly differ between DIO and DR rats. The obesity-prone rats were 32.2% heavier than the lean rats on the standard chow immediately before highfat feeding and 35.7% heavier than the DR rats after 29 days on the high-fat diet. The average daily food intake over the 29 days of high-fat feeding was significantly greater in the DIO rats compared to the DR rats. Lastly, the food efficiency (the gram of body weight gained from each gram of high-fat chow eaten) was significantly greater in the DIO rats compared to the DR rats (p < 0.05). The DIO rats had a significantly higher percent of body fat compared to the DR rats ( Fig. 1C ; in mean ± SE; DIO: 24.16% ± 1.05%, DR: 19.84% ± 1.06%, p < 0.01), as well as significantly more fat mass and fat-free mass (fat mass, DIO: 147 ± 8 g, DR: 87 ± 3 g, p < 0.0001; fat-free mass: DIO: 641 ± 17 g, DR: 352 ± 11 g, p < 0.001). In summary, DIO rats consumed more food, gained more weight, and had significantly higher carcass lipid content after high-fat feeding compared to DR rats.
Dose-response to NMU: baseline feeding
Activity and metabolic data are presented in Table 2 and Fig. 2 . For the baseline measurement (i.e., on the standard diet), NMU significantly increased horizontal, ambulatory, and total activity counts; no effect of NMU was seen on vertical activity. We found no significant interactions between obesity propensity (i.e., DIO or DR) and dose of NMU in any activity or metabolic variable. NMU also significantly increased energy expenditure per animal, per gram body weight, and per metabolic body weight (i.e., body weight 0.75 ) in DIO and DR rats. On the standard chow, DIO and DR rats differed only in whole animal thermogenesis, with DIO rats showing greater energy expenditure than DR rats. No physical activity variable showed any significant differences between DIO and DR rats, and there were no significant effects of group or NMU on RQ. In summary, microinjections of NMU into the PVN region significantly increased physical activity and energy expenditure in both DIO and DR rats on a standard diet, and DIO and DR rats were affected to a similar degree. In general, the doses Fig. 1 -Body weight and food intake of diet-induced obese (DIO) and lean, diet-resistant (DR) rats before and after high-fat feeding. (A) The DIO rats were significantly heavier than the DR rats both before and after high-fat feeding. (B) The ratio of body weight gain to food intake (feed efficiency) on a high-fat diet was significantly greater in DIO rats than DR rats: DIO rats gained significantly more body weight per each gram of chow eaten. (C) Body composition in DIO and DR rats after 1 month of high-fat feeding. The DIO rats had significantly more fat mass, lean mass, and percent body fat compared to DR rats (p < 0.01). *Greater than DR rats, p < 0.05; **Greater than DR rats at the same time point, p < 0.0001. . Diet-induced obese (DIO) and diet-resistant (DR) rats both showed dose-dependent increases in (A) horizontal and (B) ambulatory physical activity before and after 1 month on a high-fat diet. The DR rats showed significantly more physical activity in response to NMU compared to their obese counterparts only after high-fat feeding. Response to vehicle (veh) microinjection did not significantly differ between DR and DIO rats in any conditions. (C) For energy expenditure divided by body weight, a significant difference between energy expenditure after intra-PVN NMU in DIO and DR rats was seen only after high-fat feeding. (D) Whole-animal energy expenditure was significantly different between DIO and DR rats before but not after high-fat feeding. *DR ≠ DIO, p < 0.05.
of NMU used by others to successfully alter physical activity in rats (0.3 nmol NMU in 1 μl vehicle) were similar to those employed here (Wren et al., 2002) .
2.3.
Dose-response to NMU: high-fat feeding Table 2 and Fig. 2 show the effects of NMU on physical activity in DIO and DR rats during the second measurement (i.e., after 29 days on the high-fat diet). As with the baseline measurement, NMU significantly increased horizontal, ambulatory, and total activity counts, but not vertical activity in DIO and DR rats. After the rats were fed the high-fat chow, however, we also detected group differences in activity where the DR rats showed significantly more activity in response to PVN injections of NMU compared to the DIO rats. For energy expenditure per animal, the DIO and DR rats did not significantly differ in whole-animal thermogenesis, despite the divergent body weights in these groups of rats. The energy expended per gram body weight showed significant effects of both group and NMU, and the energy expended per metabolic body weight showed only a main effect of NMU, but no difference between groups. As before, RQ showed no effects of either group or NMU. In summary, after 1 month of a high-fat diet, the ability of a range of intra-PVN NMU concentrations to induce physical activity and raise energy expenditure was diminished in DIO compared to DR rats.
Changes between baseline and high-fat feeding
For horizontal, ambulatory, and total activity, we found significant interactions at 0.125 nmol and 0.5 nmol NMU: DR rats showed significantly more activity at each of these doses of NMU compared to DIO rats (but no group differences were seen in activity after vehicle microinjection) after high-fat feeding but not on the standard diet. The energy expenditure per animal showed a significant interaction only at the 0.125 nmol dose, with DR but not DIO rats having a significant increase in wholeanimal thermogenesis, and with DIO rats expending more energy than DR rats before but not after high-fat feeding despite the greater increase in body weight seen in DIO rats. After highfat feeding, DIO rats expended significantly more energy than DR rats after vehicle but not after microinjection of any dose of NMU. The energy expenditure per gram body weight showed a significant interaction at 0.125 nmol NMU, where DR rats had greater energy expenditure per gram body weight than DIO rats, but only after 29 days on the high-fat diet; the same effect was seen when metabolic body weight was used. RQ decreased after high-fat feeding to a similar extent in both DIO and DR rats and at every dose of NMU. Lastly, REE associated with vehicle microinjections was not significantly different from REE associated with any dose of NMU in either the DIO or DR rats, neither before or after high-fat feeding.
Radioimmunoassay for NMU
No significant effects were found in PVN NMU concentrations due to either obesity propensity (DIO vs. DR rats) or diet, and we found no interaction between rat strain and diet. The NMU concentrations were, in pg NMU/μg protein (mean ± SEM): DIO rats, standard diet (29.9 ± 2.9), and high-fat diet (31.0 ± 1.9); DR rats, standard diet (32.6 ± 3.8), and high-fat diet (29.1 ± 2.9).
Discussion
Physical activity levels have decreased in parallel with the emergence of obesity worldwide (Brown et al., 2004; Flegal et al., 2002; Giammattei et al., 2003; Hu et al., 2003 Hu et al., , 2005 James et al., 2001; Ogden et al., 2004; Rissanen et al., 1991; Weinsier et al., 1998 Weinsier et al., , 1995 Wyatt et al., 2005) . Reductions in physical activity and NEAT are associated with weight gain and obesity in both rats (Novak et al., 2005; Teske et al., 2006) and humans (Levine et al., 1999 (Levine et al., , 2005b . To investigate how NEAT changes with increasing obesity, we examined potential brain mechanisms that modulate physical activity and energy expenditure. One brain region critical to the control of energy balance is the PVN, which is important in the regulation of energy intake, energy expenditure, physical activity, and in obesity (Bamshad et al., 1999; Kiwaki et al., 2004; Kotz et al., 1998a; Sutton et al., 1982; Wren et al., 2002) . We have previously demonstrated that sensitivity of the PVN to the locomotoractivating effects of orexin decreases with obesity in rats . Here, we examined NMU, a neuropeptide that modulates physical activity through its actions on brain regions that integrate signals relating to energy balance and body weight (Kotz, 2006; Kotz et al., 1998b; Leibowitz and Wortley, 2004; Novak et al., 2005 Sutton et al., 1982; Teske et al., 2006) . Because NMU affects energy balance through changes in both energy intake (Hanada et al., , 2003 Ivanov et al., 2002; Jethwa et al., 2005; Kowalski et al., 2005; Nakazato et al., 2000; Wren et al., 2002) and expenditure (Gartlon et al., 2004; Hanada et al., 2001 Hanada et al., , 2004 Hanada et al., , 2003 Thompson et al., 2004; Wren et al., 2002) , in part through increases in physical activity Nakazato et al., 2000; , we examined how NMU affects physical activity in obese and non-obese rats. These studies show that, first, obesity-prone and obesityresistant rats demonstrated NMU-induced increases in physical activity that are comparable to outbred rats and that it is not REE but rather the energy expenditure of activity-the animal counterpart of human NEAT-that increases accordingly. Unlike the rats in our previous study , however, many of the DIO rats and highfat-fed DR rats had uneven dose-response curves that showed peaks at a low dose (Fig. 2) . Second, we questioned whether changes in physical activity induced by intra-PVN NMU could contribute to obesity in DIO rats. We show that the high-fatfed DR rats have more NMU-induced horizontal, ambulatory, and total activity compared to DIO rats, suggesting that endogenous NMU may evoke a blunted physical activity response in obese DIO rats. This dampened sensitivity may contribute to the lower levels of physical activity seen in DIO rats on a high-fat diet , which may be an important factor in the development and maintenance of obesity. Thus, NMU mediates changes in NEAT, and decreases in NMU sensitivity may be important in the decreased physical activity seen in obesity.
We can speculate as to the potential mechanisms through which NMU alters physical activity and why this effect is altered in obesity. Whereas some differences between DIO and DR rats can be seen before the onset of obesity (Clegg et al., 2005; Levin and Dunn-Meynell, 2002; Levin et al., 2004) , the differential sensitivity to NMU was only seen after high-fat feeding. Therefore, when hypothesizing how NMU sensitivity is altered, we can focus on the potential effects of both diet and obesity. We examined whether changes in PVN NMU sensitivity are associated with an increased NMU tone by quantifying the amount of NMU contained within the PVN of DIO and DR rats on regular and high-fat chow using micropunched PVN tissue. Decreases in neuropeptide concentrations in target brain regions have been interpreted as being the consequence of increased release and depletion of the neuropeptide (Chappell et al., 1986) . We found no significant differences in PVN NMU content associated with either diet or obesity propensity. Therefore, our data do not support the hypothesis that altered tonic NMU release into the PVN is a causal factor in the decreased NMU sensitivity seen in obese rats. It remains possible that we could not detect a change in steady-state NMU release compensated for by altered NMU synthesis. It is also possible that NMU2R levels in the PVN are altered in obese rats after high-fat feeding, which would then modify PVN sensitivity to the locomotor-activating effects of NMU. We have no data to address this question, though. The mechanistic change causing decreased NMU sensitivity in the PVN that we report here is currently unknown, but plausible mechanisms can be the subject of future investigation.
The neuromedin projections to the PVN may originate from several sources. NMU neurons are present in hindbrain and hypothalamic nuclei that sense energy balance signals (Graham et al., 2003; Ivanov et al., 2002 Ivanov et al., , 2004 Steel et al., 1988) , and alteration of NMU release in the PVN may be one mechanism through which these brain regions regulate energy balance. In addition, another hypothalamic region contains neuromedinexpressing neurons, namely the suprachiasmatic nucleus (SCN), the primary circadian clock in mammals Nakahara et al., 2004) . Because the SCN projects to the parvocellular region of the PVN (Hermes et al., 1996; Leak and Moore, 2001) , the SCN may impose a daily rhythm on physical activity and energy expenditure in part though the actions of neuromedin in the PVN. This is an especially intriguing possibility given the links between clock gene deficiencies and obesity (Green et al., 2007; Turek et al., 2005) , and given the decreased amplitude of the daily rhythm in energy expenditure seen in diabetic obese rats (Ichikawa et al., 1998; Miyasaka et al., 2004) .
Once PVN neurons containing NMU receptors are activated, NMU may exert its effects on physical activity through corticotrophin-releasing hormone (CRH). Mice deficient in CRH do not show NMU-suppressed feeding or NMU-induced increases in oxygen consumption or body temperature (Hanada et al., 2003) . A CRH antagonist abolishes the effects of NMU on locomotor activity (Hanada et al., 2001) , and NMU stimulates the release of CRH in hypothalamic explants (Wren et al., 2002) . Neurons containing NMU project to the PVN Steel et al., 1988) , and PVN neurons (both CRH-containing and other neurons) are sensitive to NMU (Ozaki et al., 2002; Qiu et al., 2003 Qiu et al., , 2005 Yokota et al., 2004) . NMU may activate brain mechanisms through which stressors increase physical activity in order to increase NEAT. Furthermore, compared to DR rats, DIO rats show a dampened stress response, no stress-induced CRH expression in the PVN , and decreased amygdala CRH mRNA (Michel et al., 2004) . Taken together, these results suggest that decreases in the ability of NMU to induce physical activity might possibly be the result of downstream changes in CRH sensitivity in DIO rats rather than a direct effect on brain NMU.
Obesity-resistant rats demonstrated greater levels of NMUinduced activity and the associated energy expenditure (i.e., NEAT) compared to obesity-prone rats, but only after high-fat feeding. Two possible explanations present themselves. First, the change in sensitivity might be due primarily to increased dietary fat as fat intake alters other hypothalamic systems important in energy balance. Hypothalamic orexin expression is increased after high-fat feeding as well as in response to increased circulating triglycerides (Chang et al., 2004; Wortley et al., 2003) , and the hypothalamus has the capacity to sense fatty acids as an indicator of energy surplus (Lam et al., 2005) . If fat intake alters NMU sensitivity in the PVN, another factor must account for the differential susceptibility of DIO and DR rats. Second, the decreased sensitivity to peptides such as NMU or orexin could be secondary to the obesity and the concomitant effects on adiposity seen in the DIO rats both in this study and elsewhere (Levin et al., 1986) , including changes in circulating hormones (Funahashi et al., 2000; Lopez et al., 2000; Zhu et al., 2002) and other physiological sequelae of obesity. Conditions of positive or negative energy balance can change brain NMU expression (Graham et al., 2003; Howard et al., 2000; Ivanov et al., 2002) . Also, fasting decreases NMU expression in the rat arcuate nucleus (Howard et al., 2000) , similar to other feeding-inhibitory signals that act in the arcuate nucleus (Brady et al., 1990; Kristensen et al., 1998) . The NMU neurons projecting to the PVN may originate in the nucleus of the solitary tract and be responsive to the gastrointestinal satiety hormone CCK (Ivanov et al., 2004) . Another way in which diet and adiposity may affect brain NMU is through leptin, which may exert its actions on appetite in part, though not entirely , through brain NMU (Jethwa et al., 2005) . NMU expression is decreased in brain nuclei of leptin-and leptin receptor-deficient rodents (Howard et al., 2000; Ivanov et al., 2002) , which is consistent with the idea that endogenous leptin decreases appetite through increasing NMU expression. Pre-obese DIO rats are less sensitive to the anorectic and NPY-suppressive effects of leptin and show less pSTAT3 induction compared to DR rats (Levin and Dunn-Meynell, 2002; Levin et al., 2004) . Though the neural mechanisms through which leptin affects energy intake and expenditure may differ, it is possible that leptin acts through NMU to modulate physical activity levels and that changes in adiposity and leptin levels are eventually reflected in changes in NMU sensitivity. In this way, adiposity may act through leptin to effect the changes in NMU sensitivity seen in this study.
One limitation of our study is the lack of pre-manipulation body composition data demonstrating the relative weight gain of DIO and DR rats that would enable us to express the thermogenesis data in terms of lean body mass. The characteristic changes in body weight and adiposity in DIO and DR rats are well known, however (Levin and Dunn-Meynell, 2000; Levin et al., 2003 Levin et al., , 1989 , as illustrated by the higher body fat content in the DIO in this study (Fig. 1C) . To account for the difficulty in comparing energy expenditure between rats of different sizes and body compositions, we expressed thermogenesis both per animal and in terms of body weight or metabolic body weight (Table 2, Fig. 2) ; neither approach is ideal (Arch et al., 2006) , but the analyses still yield useful information. First, we see that, compared to DIO rats, DR rats had greater NMU-induced energy expenditure per gram body weight or metabolic body weight only after the high-fat diet, similar to the pattern of NMU-induced physical activity (Fig. 2C and Table 2 ). Second, whole-animal energy expenditure is nearly always greater in larger rats (e.g., DIO) compared to smaller ones (e.g., DR). Therefore, we would have anticipated that the group difference between the DIO and DR rats' NMU-associated energy expenditure would increase after the augmentation of body weight differences by high-fat feeding. Instead, the opposite occurred: no significant difference was seen between the obese and DR rats' NMU-induced energy expenditure after the dietary manipulation (Fig. 2D) , when the group difference in body weight had widened. No matter how energy expenditure is expressed, the data indicate that NMU increases energy expenditure to a greater extent in DR compared to DIO rats upon high-fat feeding and that this is primarily due to NMU-induced physical activity.
These studies demonstrate that, with increasing obesity subsequent to a high-fat diet, the PVN shows decreased sensitivity to the physical activity-activating properties of NMU and that this is reflected in decreased NEAT. This decrease in sensitivity to activity-promoting peptides may account for the decreased physical activity levels seen in high-fat-fed DIO rats . Taken together with previous results (Novak et al., 2005; Teske et al., 2006) , these data may be relevant to the etiology of obesity because understanding the mechanisms of changes in physical activity may allow for the prevention of decreased energy expenditure of activity and, therefore, prevention of weight gain. Changing the energy expenditure of activity has the capacity to meaningfully affect body weight (Dauncey, 1990; Levine et al., 1999 Levine et al., , 2005b . Moreover, pharmaceutical interventions can be targeted to peptides such as NMU that affect physical activity rather than solely aimed at altering appetite. Increasing NEAT may be a critical component to the prevention of obesity in our increasingly sedentary society (Brown et al., 2004; Dauncey, 1990; Heini and Weinsier, 1997; Levine et al., 1999 Levine et al., , 2005b van Baak et al., 2003; Wen et al., 2006) .
4.
Experimental procedures
Animals
Nineteen adult male DIO or DR Sprague-Dawley rats (10 DIO rats and 9 DR rats, 8 weeks old at arrival; Charles River Labs, Wilmington, MA) were used for the measurement of physical activity and energy expenditure in response to intra-PVN NMU. An additional 13 DIO and 13 DR rats were used to examine NMU concentrations in the PVN. Rats were housed individually (microinjection study) or in groups of 2-3 (micropunch study) with food (Laboratory Rodent Diet 5001, PMI Nutrition International, St. Louis, MO) and water available ad libitum and exposed to a 12:12 h light:dark cycle (lights on at 06:00 h CST). All procedures were approved by the Mayo Foundation Institutional Animal Care and Use Committee.
Stereotaxic surgery
All cannulation supplies (guide cannulae, dummy cannulae, and microinjection needles) were obtained from Plastics One (Roanoke, VA). Rats underwent surgery for the implantation of chronic unilateral guide cannulae aimed at the PVN as described previously . Each rat was first anesthetized with pentobarbital sodium (Nembutal, 50 mg/kg) then shaved and mounted into the stereotaxic frame (David Kopf Instruments, Tujunga, CA). We used the following coordinates to implant the 26-gauge guide cannula so that the injection was aimed at the PVN: AP −1.3, ML +0.5, DV −7.3; bregma and the skull (for DV) were used as the reference points. The 33-gauge injector needle extended 1 mm beyond the tip of the guide cannula. For up to 4 days after surgery, rats were given pain relief (0.05 mg/kg buprenex) as needed.
PVN sensitivity to NMU microinjections
For microinjection of NMU into the PVN, each rat was removed from its acclimation cage and gently restrained. After the dummy cannula was unscrewed from the unilateral guide cannula, the microinjection needle was inserted. The microinjection needle was attached to a 2 μl Hamilton syringe using polyethylene tubing. The animal was slowly injected with 500 nl of NMU (Phoenix Pharmaceuticals, Belmont, CA) or vehicle (aCSF) over 30 s, and the needle remained in place for an extra 30 s before removal. The spread of 500 nl microinjections through brain tissue is comparable to 200 nl injections (Lohman et al., 2005) , making it improbable that the NMU was acting on hypothalamic nuclei other than the PVN, especially considering that the peptide is more likely than indicator dye to have its spread limited by breakdown or binding. After injection, we measured physical activity and energy expenditure of DIO and DR rats both before and after high-fat feeding. We measured NEAT in each rat after PVN microinjections of the following doses of NMU: 0, 0.125, 0.25, and 0.5 nmol. These doses were based on previous data demonstrating that this range of NMU concentrations encompassed the range of sensitivity of the rat PVN to NMU with respect to initiation of physical activity . Rats were measured in pairs, one DIO and one DR at a time, with one rat assigned to each calorimeter (each calorimeter was used to measure both DIO and DR rats on a given day). Up to four pairs of rats were measured on 1 day, with each pair receiving a different concentration of NMU on each of four consecutive days, each pair receiving the four doses of NMU in a different order, and a given pair undergoing measurement at the same time of day on each day of treatment. After these measurements, rats were returned to the animal room. Each rat was then placed on a high-fat diet (Rodent Diet D12492; Research Diets, Inc, New Brunswick, NJ) for 29 days; this diet is specific for increased calories from fat, not carbohydrates, compared to the standard diet. We used a diet very high in fat to maximize potential strain differences in a short period of time and also to compare these results to other studies using this diet . The high-fat diet had 20% kcal from each protein and carbohydrate and 60% kcal from fat, and the standard rodent diet contained 28% kcal from protein, 12% kcal from fat, and 60% kcal from carbohydrate. We took daily measurements of body weight and food intake throughout this period. Starting on the 30th day of high-fat feeding, we started the second set of measurements which were identical to the first set. The same rats were tested in the same order on each day and given the same order of doses over the 4 days during the second set of measurements as the first set.
4.4.
Physical activity and energy expenditure
To assess NEAT in rats, we measured physical activity and energy expenditure without access to an exercise wheel. Although activity in a running wheel may be modulated by similar brain circuits as spontaneous activity, the presence of running wheels results in several aberrant effects on the amount and pattern of activity as well as on other aspects of energy balance in several rodent species including rats (Belke and Wagner, 2005; Blanchong et al., 1999; Dixon et al., 2003; Kas and Edgar, 1999; Redlin and Mrosovsky, 2004; Sherwin, 1998 ) and thus has independent, confounding influences on energy expenditure. All measurements took place during the light phase of the activity cycle. Though NMU-induced activity can also be seen during the dark (active) phase of the cycle in rats , measurement of activity during the light phase is less likely to be affected by acute light exposure and the underlying activity fluctuations throughout the night (Levin, 1991) . Prior to calorimetric measurement, each rat was acclimated in a chamber that was identical in size, shape, material, and texture to the calorimetry chamber (i.e., a clear cylindrical chamber with a circular-grid-patterned base; diameter = 30 cm, height= 20 cm, volume = 14 l), but without regulated air flow. After a day of acclimation, we assessed physical activity and energy expenditure after injections of the PVN with vehicle or NMU. Physical activity was measured using Opto-M Varimex Minor activity monitors (Columbus Instruments, Columbus, OH), which measure physical activity using infrared beam breaks in 3 axes. We measured horizontal, vertical (i.e., rearing), and ambulatory activity (vertical activity excluding repetitive, stationary beam breaks). Energy expenditure was measured using a small animal calorimeter (Columbus Instruments). The beam break apparatus was placed around the calorimetry chamber to facilitate concurrent measurements of energy expenditure and physical activity. Following PVN microinjection, the rat was placed into the calorimetry chamber without access to food or water. The chamber was then sealed and the measurement commenced. Room air was pumped into the chamber at 3.0-4.0 l/min, and expired air was sampled at 0.7 l/min. We measured metabolic variables once every minute excluding the first 20 min after microinjection and a 3-min reference period after every 30 1min samples; each measurement lasted 2 h. Oxygen consumption and carbon dioxide production were measured and used to calculate energy expenditure and respiratory quotient (RQ, the ratio of CO 2 produced to O 2 consumed). We calculated the average RQ, energy expenditure per gram body weight or metabolic body weight (body weight 0.75 ), energy expenditure per animal, and physical activity counts per minute over the first hour after NMU microinjection because this is when the majority of the NMU-induced physical activity occurs. We continued the measurement period to capture resting energy expenditure (REE), which was calculated by averaging the energy expenditure associated with at least 2 min of zero activity counts over the 2-h course of the measurement (REE could not be calculated for the first hour of the measurement only because NMU often induced enough activity so that no zero activity counts were contained in the first hour). At the end of the 2-h measurement, we stopped data collection and returned the rat to its acclimation chamber.
Microinjection site
At the end of the study, we determined the exact site of the microinjection needle relative to the PVN. Each rat was given a terminal injection of pentobarbital sodium and the brain was removed after a microinjection of India ink (500 nl) into the PVN. Brains were stored in 10% buffered formalin (Fisher Scientific) followed by 30% sucrose in formalin before being sectioned into 50 μm sections using a Leica cryostat. Sections were mounted onto Fisher Superfrost Plus slides, stained with cresyl violet, and affixed with cover slips using DPX. Using a microscope with a calibrated reticle, we determined the injection site of each animal and its distance from the PVN. The microinjections of the PVN were not specific to either the magnocellular or parvocellular region. Datasets from any animal in which the injection site was more than 250 μm from the PVN, or from any animal that had more than one missing data point, were excluded from the final analysis. The final animal numbers used for data analysis were 7 (DIO) and 6 (DR). For daily body weight and food intake analysis, we analyzed each animal that completed the study (excluding one statistical outlier), so the final animal numbers for these analyses were 9 (DIO) and 7 (DR).
Body composition
The rat carcasses (excluding the heads) were processed for body composition analysis, as described in Harris (1991) , to determine percent body fat. First, gut contents were removed and the carcasses were weighed and autoclaved for 40 min at 122°C. After water (equal in mass to the carcass) was added, the carcass was homogenized using a Polytron PT 3000 homogenizer. Homogenates were processed in triplicate. Chloroform (5 ml) and methanol (10 ml) were added to 8 ml of each homogenate sample, vortexed, and incubated on ice for 1 h. Then, after adding 5 ml chloroform and 5 ml KCl, the samples were again incubated on ice for 30 min before centrifugation at 40,000 rpm for 20 min. The chloroform fraction was separated and dried overnight, leaving only the lipid, before being weighed. The percent body fat for each rat was determined by calculating the percent contribution of fat to the total weight of sample processed.
Radioimmunoassay for NMU
The DIO and DR rats were group housed within strain. Rats were randomly divided into groups at 9 weeks of age, with half of the rats of each strain given either high-fat chow (DIO, n =6; DR, n = 7) or remaining on the standard chow (LabDiet #5001; DIO, n =7; DR, n = 6). After 27-28 days on the high-fat (or continuation of standard) chow, we isolated the PVN using a brain micropunch. Animals were sacrificed between 2 and 6 h after lights-on using rapid decapitation. The brains were removed and placed in ice-cold sterile saline for 20 min, then each brain was sliced using a tissue slicer (Stoelting, Wood Dale, IL). A 1-mm slice containing the PVN was taken using a rat brain atlas as a guide (Figs. 42-49 of Paxinos and Watson, 2005) . The slice was placed on a slide (caudal-side up) and frozen using dry ice, after which a 2-mm tissue puncher (Fine Science Tools, Foster City, CA) was used to dissect the PVN bilaterally (1 micropunch/rat). The tissue punch was then frozen in liquid nitrogen and stored at −70°C for later homogenization and protein extraction using 700 μl 0.1 M acetic acid. The samples were then centrifuged at 14,000×g for 15 min at 4°C and the supernatant was boiled for 10 min. A spectrophotometer (SpectraMax 340 at 595 nm absorbance) was used to determine protein concentration of each sample (35 μl). A portion of the remaining sample (50 μl) was dissolved in 950 μl of distilled water for the determination of NMU concentration using RIA. An NMU RIA kit was used (Peninsula Laboratories, San Carlos, CA), which contained 125 I-NMU, rabbit anti-NMU, and goat antirabbit secondary antibody. The NMU concentrations from the RIA were divided by the protein quantity, yielding pg NMU/μg total protein for each PVN sample.
Statistical analysis
(1) To compare the effects of NMU on physical activity and energy expenditure, the data were analyzed using mixed 2way (2 × 4) repeated-measures ANOVAs, with the dose of NMU as the within-subjects independent variable, the rat strain (DIO or DR) as the between-subject independent variable, and the metabolic or physical activity count means as the dependent variables.
(2) To determine which doses of NMU accounted for group-and diet-related differences in the effects of NMU, we used a 2 × 2 mixed repeated-measures ANOVAs to compare the effects of diet (within-subjects independent variable) on DIO and DR rats (between-subjects variable) at each dose of NMU.
(3) Food intake data and percent change in body weight (normalized using an arcsin square root transformation) were analyzed using t-tests, and the body weight data were analyzed using a mixed 2 × 2 ANOVA, with group (DIO and DR) as the between-subjects independent variable and diet (pre-vs. post-high-fat diet) as the within-subjects independent variable. (4) For body composition analysis, we normalized the data on the percent body mass comprised of lipid using an arcsin square root transformation; the data were then analyzed using an independent-samples t-test with group (DIO or DR) as the dependent variable. (5) For the analysis of REE, we used individual paired t-tests to compare the REE after each dose of NMU to vehicle within each group. (6) Lastly, the NMU RIA results were analyzed using a 2 × 2 ANOVA, with the rats strain (DIO or DR) and diet (high-fat or standard chow) as the independent variables and the concentration of NMU as the dependent variable.
